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Abstract 
Two major sources of interference affect asynchronous 
MC-CDMA systems, i.e. multiple access interference due 
to subcarriers with the same frequency (MAI) and 
multiple access interference due to subcarriers with 
different frequency (ICI). Both MAI and ICI are generally 
modeled as zero-mean Gaussian random variable and 
their power has been previously been derived in the case 
of uniformly distributed timing offsets. In this paper, we 
derive an expression of the conditional power of the MAI 
and ICI as a function of timing offset. The advantage is 
that the interference power can then be derived for 
various distributions of the timing offsets. We then apply 
the expression to calculating the MAI and ICI power for 
two different distributions of timing offsets, i.e. uniform 
distribution and Poisson distribution. Finally, we propose 
a statistical model for asynchronous MC-CDMA systems 
that will simplify the computer simulation process of these 
systems. It is based on modeling the asynchronous system 
with a synchronous system followed by additive noise 
representing the MAI and ICI. The model is validated by 
comparing the BER at the output of the asynchronous 
system and the model.  
 
1. Introduction 
 
MC-CDMA systems [1] have recently attracted a lot of 
research in the world of wireless telecommunications. 
This is mainly due to the fact that MC-CDMA systems 
have several advantages over current DS-CDMA systems, 
such as good spectrum properties and robustness to 
frequency selective fading. However, under asynchronous 
transmission, the performance of MC-CDMA systems is 
significantly affected by multiple access interference 
(MAI) [2].  
 
Asynchronous transmission refers to the scenario 
whereby multiple user signals arrive at the receiver with 
different delays which is also referred as timing offsets 
[3]. Asynchronous transmission is at the source of two 
types of interference in MC-CDMA systems. MAI is the 
interference created by other users transmitting 
information over the same sub-carrier frequencies which 
is also common to DS-CDMA systems. ICI is more 
specific to MC-CDMA systems and represents the 
interference generated by transmission over sub-carriers 
with different frequency. The sum of the MAI and ICI is a 
good approximation of the total interference affecting 
asynchronous MC-CDMA systems. One aim of this paper 
is to estimate the total interference power for different 
statistics of timing offsets.  
 
Previous studies devoted to analysing interference in  
asynchronous MC-CDMA systems generally assume the 
timing offset ‘τ’ to be uniformly distributed over one 
symbol duration Ts [4]-[8]. In many applications, 
however, timing offsets are modelled as Poisson 
distributed [9]-[12]. In this paper, we derive an exact 
expression for the total interference power as a function of 
offset. The derived expression will allow the estimation of 
interference power for various distributions of timing 
offsets, including Poisson distribution. This result is then 
used to propose a computer simulation model for 
asynchronous MC-CDMA systems. Current models 
require heavy computational load. We propose to replace 
the asynchronous system with a synchronous system, 
which requires significantly less computing, followed by 
an additive noise component representing the MAI and 
ICI. The model is validated using computer simulations. 
 
This paper is structured as follows. In section 2, we 
present the asynchronous MC-CDMA system considered 
in this paper. In section 3, we derive the total interference 
power affecting asynchronous MC-CDMA systems as a 
function of timing offsets. In Section 4, we calculate the 
interference power for two different distributions of the 
timing offsets, i.e. the uniform distribution and the 
Poisson distribution. The computer simulation model for 
asynchronous MC-CDMA systems is proposed in Section 
5. Section 6 concludes this paper. 
 
2. Asynchronous MC-CDMA Model 
 
The asynchronous MC-CDMA model considered in 
this paper is shown in Figure 1.  We consider K users 
transmitting data assumed i.i.d and BPSK modulated, then 
spread in the frequency domain. We also assume the total 
number of sub-carriers for each user is equal to the 
spreading factor.  
 
The transmitted signal for the kth user is given by  
,
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where N is the spreading factor; bk(t) is the transmitted 
data bit ; ck,i(t) is the spreading code for the ith subcarrier 
in the kth user; fi is the carrier frequency for the ith 
subcarrier given by fi = c
s
if
T
+ when i = 1, 2….N and fc  
is the fundamental transmission frequency.  
 
 
 
Figure 1. Asynchronous MC-CDMA model 
 
In the considered asynchronous MC-CDMA model, it 
is assumed that the channel for each sub-carrier and each 
user is an independent frequency non-selective Rayleigh 
fading channel. To further simplify the problem we also 
assume that the statistics of the Rayleigh fading for all 
channels are the same. The complex impulse response of 
the channel for the ith subcarrier in the kth user can be 
written as  
,
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where αk,i is a Rayleigh random variable with mean 
,
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Rayleigh parameter. Ψk,i is a random phase offset 
introduced by the channel and is modeled as uniformly 
distributed over the interval of [0, 2pi). τk represents the 
timing offset introduced by the kth user.  
 
Given the above channel characteristics, the received 
signal can be written as  
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3. Interference analysis  
 
3.1 Multiple access interference   
 
In the rest of the paper, the reference user is referred 
to as user h. The MAI introduced by the kth user over the 
ith subcarrier path over one symbol duration is given by   
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By calculating the above integral, we find  
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where 
, ,
2k i k k ifθ pi τ ψ= − is a phase offset, αk,i,-1 and αk,i,0 
are the channel Rayleigh fading parameter affecting the 
previous and current data bit respectively.  
 
The total MAI affecting the reference user is the sum 
of the MAI contributions from each user and each sub-
carrier: 
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3.2 Inter-Channel Interference  
 
The ICI introduced by the sub-carriers of the kth user 
into the ith subcarrier of the reference user h over one 
symbol duration is given by  
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where IICI,i,k represents the ICI introduced by the jth 
subcarrier of user k into the ith subcarrier of the reference 
user. It is given by [2]  
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The above integral can be expressed as 
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After evaluation of the integral, the total ICI for the ith 
subcarrier due to user k is obtained as 
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The total ICI affecting the reference user is the sum of 
the ICI contributions from each user, i.e. 
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4. 2nd Moment of Interference  
 
The total interference of asynchronous MC-CDMA 
system is generally assumed Gaussian distributed with 
zero mean [2]. In order to obtain the expression of second 
moment of MAI in terms of the timing offset, τk, for user 
k, we take the expectation with respect to b(t), α and θ 
conditionally to τk. 
 
2 2
, ( ), , ,
1
2
( ), , , ,
1 1
2
( ), , , ,
1 1
2
2 2
1 1
( ) [ | ]
[ | ]
[ | ]
[ ( ) ]
4
K
MAI tot k b t MAI k k
k
k h
K N
b t MAI i k k
k i
k h
K N
b t MAI i k k
k i
k h
K N
k s k
k i
k h
I E I
E I
E I
T
α θ
α θ
α θ
τ τ
τ
τ
β
τ τ
=
≠
= =
≠
= =
≠
= =
≠
=
=
=
= + −
∑
∑∑
∑∑
∑∑
  (14) 
where Eb(t),α,θ[ |τk] represents the expected value with 
respect to b(t), α and θ conditionally to τk. Similarly, the 
ICI power for reference user h can be written as 
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Hence the total interference power in terms of τ is 
given as  
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4.1 Case 1: τk is uniformly distributed over [0 Ts]  
 
By taking the expectation of (12) and (13) further 
respect to τk, the 2nd moment of MAI and ICI power are 
obtained as 
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Therefore the 2nd moment of the total interference 
power is  
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Similar expression has previously been obtained by 
Hanzo in [2] using a similar approach that was, however, 
restricted to uniformly distributed offsets.  
 
4.2 Case 2: τk is Poisson distributed  
 The conditional probability density function (pdf) for 
Poisson distribution is given as  
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Where λ is the Poisson distribution parameter and is 
assumed to be the same for all channels. λ also represents 
the mean and variance of the distribution and we restrict 
it, in this paper, to the interval [0 Ts). Hence, the timing 
offsets lie, on average, within [0 Ts), but can, in theory, 
take any value between ‘0’ to ‘ ∞ ’. As a result, 
interference does not only affect the current and previous 
information bits as in the uniform distributed case, but can 
also affect all the preceding bits. Our simulation results 
show, however, that as long as λ is within the range of [0 
Ts), we can achieve a good approximation for the total 
interference power by only considering the current bit 
‘b0’, and the previous two bits ‘b-1’ and ‘b-2’. Further, the 
closer λ is to 0, the less significant the timing offsets 
outside [0 2Ts) and the smaller the approximation error. 
These results are displayed in Table 1, in the next section. 
We now derive the interference power in the Poisson case, 
by restricting the interference to the two previous bits.  
 
The interval [0 Ts) is first sampled using M samples. 
The need for sampling arises from the need for using 
integer values in the Poisson distribution. The conditional 
2nd order moment of the MAI for τk in the range of [0, Ts] 
can then be written as  
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For τk in the range of (Ts 2Ts), we can simply replace 
τk in (19) with (τ - M), which gives 
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The conditional 2nd order moment of the ICI can be 
derived in a similar way. For τk in the range of [0, Ts], we 
can develop the expression of the 2nd moment ICI as 
follows  
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For the case when τ in the range of (Ts, 2Ts), we again 
replace τk in (22) with (τk - M). 
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By comparing (23) and (24), we find that these two 
formulas are effectively the same. Hence, we can combine 
(23) and (24), which gives,  
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We then obtain the 2nd order moment of the total 
interference by summing up equations (21), (22) and (25) 
which gives  
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      (27) 
5. Statistical Model of Asynchronous MC-
CDMA  
 
Figure2. Proposed Asynchronous MC-CDMA Model 
 
With the knowledge of the 1st and 2nd order moments 
of the total interference, we are able to propose a 
computer simulation model that can significantly reduce 
the computational load when simulating asynchronous 
MC-CDMA systems.  The proposed model is shown in 
Figure 2. It is based on replacing the asynchronous model 
with a synchronous model followed by an additive noise 
representing the total interference affecting asynchronous 
MC-CDMA systems. This allows for a significant 
reduction of computational load. Indeed, in order to 
simulate the asynchronous model and evaluate its 
performance in a given channel, signals from all 
interfering users with different randomly generated offsets 
need to be simulated for each reference user. In the 
proposed model, only reference users are simulated. The 
requirement for simulation of interfering users is replaced 
by adding a noise component representing the 
interference. The noise is zero-mean, white, Gaussian, 
with a power that has been derived in the previous section. 
 
In next section, the proposed model is validated using 
Monte-Carlo simulations, by comparing the BER at the 
output of the asynchronous MC-CDMA system to that at 
the output of the model. The results are also shown in 
Table 2. 
 
6. Simulation Results 
 
An asynchronous MC-CDMA system with 8 users 
using an 8-Length Walsh-Hadamard (WH) Code is 
simulated. The Rayleigh parameter for the channel is 
assumed equal to 1. The number of realizations used for 
the Monte-Carlo simulations is 250000.  
 
6.1 Interference Power   
 
We first validate the results of equations (19) and (27) 
by computing the interference power in the asynchronous 
MC-CDMA system using Monte-Carlo simulations for 
both uniformly distributed and Poisson distributed timing 
offsets.  For Poisson distributed timing offsets, we also 
computed simulations for different values of the Poisson 
parameter, i.e. λ =0.1 Ts , λ =0.5 Ts and λ =0.9 Ts. The 
results are displayed below.   
 
Table 1 Comparison of 2nd Moment of Interference 
Simulation Formula (17) Error 
Poisson 
Parameter Uniform 
Distribution 12.841 12.7029 1.09% N.A. 
         
Simulation Formula (27) Error  
12.8582 12.8898 0.25% 0.1 Ts 
12.4781 12.4689 0.07% 0.5 Ts 
Poisson 
Distribution 
12.9277 12.817 0.86% 0.9 Ts 
 
It can be seen that equations (19) and (27) provide a 
very good representation of the interference power in 
asynchronous MC-CDMA systems for uniformly 
distributed and Poisson distributed timing offsets 
respectively.  
 
6.2 Comparison of BER between two models  
 
Using the same simulation conditions described above, 
the BER performance between the asynchronous MC-
CDMA and the proposed computer simulation model is 
compared.  The results are shown in Table 2. It can be 
seen that for all different distributions of timing offset τ, 
the BER error is below 3%.  
 
Although computational time can be different 
depending on the computer hardware used, we claim that 
the new model uses approximate one tenth of the 
computational time required to compute the conventional 
asynchronous MC-CDMA system.           
 
Table 2 – BER performance comparison  
Conventional 
Model 
Proposed 
Model Error 
Poisson 
Parameter Normal 
Distribution 0.1342 0.1303 2.99% NA 
0.1284 0.1286 0.16% 0.1 Ts 
0.1262 0.1265 0.24% 0.5 Ts 
Poisson 
Distribution 
0.1344 0.1308 2.75% 0.9 Ts 
 
 
7. Conclusion 
 
In this paper, we derived the expression of the 
conditional power of the MAI and ICI in asynchronous 
MC-CDMA systems. This expression is given as a 
function of timing offset τ. Using this result, we derived 
the 2nd moment of the total interference under two 
conditions 1) τ is assumed to be uniformly distributed 
over [0, Ts);  2) τ is assumed to be Poisson distributed 
with its parameter λ ranging within [0, Ts). With the 
knowledge of the 1st and 2nd order moment of the total 
interference, a computer simulation model is proposed 
which is proved to have comparable BER performance to 
the traditional asynchronous MC-CDMA system, but 
requires much less computational time.       
 
8. Reference 
 
 [1] S. Hara and R. Prasad, "Overview of multicarrier 
CDMA," Communications Magazine, IEEE, vol. 35, pp. 126-
133, 1997. 
 
[2] L. Hanzo, L. Yang, E.-L. Kuan, and K. Yen, Single- 
and Multi-Carrier DS-CDMA: John Wiley & Son, 2003. 
 
[3] T. Rappaport, Wireless Communications. Upper 
Saddle River: Prentice Hall, 2002. 
 
[4] Q. Shi and M. Latva-aho, "Performance analysis of 
MC-CDMA in Rayleigh fading channels with correlated 
envelopes and phases," Communications, IEE Proceedings-, vol. 
150, pp. 214-220, 2003. 
 
[5] X. Gui and T. S. Ng, "Performance comparison of 
asynchronous orthogonal multi-carrier CDMA in frequency 
selective channel," presented at Spread Spectrum Techniques 
and Applications, 1998. Proceedings., 1998 IEEE 5th 
International Symposium on, 1998.  
 
[6] X. Gui and T. S. Ng, "Asynchronous orthogonal multi-
carrier CDMA using equal gain combining in multipath Rayleigh 
fading channel," presented at Communication Technology 
Proceedings, 1998. ICCT '98. 1998 International Conference on, 
1998.  
 
[7] X. Hu and Y. H. Chew, "A new approach to study the 
effect of carrier frequency offset on the BER performance of 
asynchronous MC-CDMA systems," presented at Wireless 
Communications and Networking Conference, 2005 IEEE, 2005.
  
 
[8] D. Carey, D. Roviras, and B. Senadji, "Approximation 
of bit-error-rate distributions for asynchronous multicarrier 
CDMA and direct-sequence CDMA systems," presented at 
Signal Processing and Information Technology, 2003. ISSPIT 
2003. Proceedings of the 3rd IEEE International Symposium on, 
2003. 
 
[9] C. C. Chan and S. V. Hanly, "Outage probabilities in 
CDMA networks with Poisson traffic," presented at Global 
Telecommunications Conference, 1998. GLOBECOM 98. The 
Bridge to Global Integration. IEEE, 1998.  
 
[10] K. Choi, S. K. Shin, and K. Cheun, "Adaptive 
processing gain CDMA networks over Poisson traffic channel," 
Communications Letters, IEEE, vol. 6, pp. 273-275, 2002.  
 
[11] J. Y. Hui, "Capacity and error rate of spatial CDMA 
for multiple antenna multiple accessing," presented at Global 
Telecommunications Conference, 2000. GLOBECOM '00. 
IEEE, 2000.  
[12] C. C. Chan and S. V. Hanly, "Calculating the outage 
probability in a CDMA network with spatial Poisson traffic," 
Vehicular Technology, IEEE Transactions on, vol. 50, pp. 183-
204, 2001. 
 
 
 
 
 
 
